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Abstract 
ZrO2 thin films deposited on silicon wafer and glass substrate by dc magnetron sputtering with different deposition time. Film 
thickness and refractive index of ZrO2 films have been studied by using spectroscopic ellipsometry (SE) and spectrophotometric 
method (SM). The film thicknesses of both methods were compared with the film thickness which determined from field 
emission scanning microscopy (FE-SEM). The results found that the films thickness was increased when the deposition time was 
increased and all films still remained highly transparent. Finally, our results suggest that SE can effectively to characterize the 
film thickness and optical properties of ZrO2 films 
© 2010 Published by Elsevier Ltd. 
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1. Introduction 
ZrO2 film is widely used as an essential material in the optical fields including high-reflectivity mirrors, 
broadband interference filters and active electro-optical devices due to its excellent optical properties, such as high 
refractive index, large optical band gap, low optical loss and high transparency in the visible and near-infrared 
region [1]. Determination of the optical constants of thin films, e.g., refractive index, thickness is a topic of 
fundamental and technological importance. Several publications claimed to determine refractive index and thickness 
in transparent films by spectrophotometric method (SM) and spectroscopic ellipsometry (SE). Both of which were a 
nondestructive and powerful technique to investigate the optical response of materials [2-5]. This study aimed to 
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characterize the ZrO2 films by spectrophotometric and SE techniques. The results in terms of the film thickness and 
the refractive index from both techniques were compared, in addition to the FE-SEM technique.
2. Experimental Details 
Prior to the film deposition, silicon wafers and glass substrate were carefully cleaned, and then put into the 
deposition chamber immediately. The chamber was pumped down to a base pressure of 2.5×10-7 Torr with a 
zirconium target which was presputted, ZrO2 thin films were prepared with a dc magnetron sputtering. High purity 
(99.99%) Ar and (99.99%) O2, acted as the sputtering enhancing gas and reactive gas respectively, were introduced 
into the vacuum champber with flow rates of 30 and 20 sccm. The sputtering pressure and plasma power were kept 
3×10-3 Torr and 400 W, respectively. In order to study the optical properties of films with different thickness, films 
were grown at deposition time of 15, 30 and 60 min. 
The thickness and refractive index of films were analyzed by spectroscopic ellipsometry in the photon energy 
range of 0.6-4.0 eV at an incident angle of 70Û using modeling process. The transmittance spectra in wavelength 
200-2000 nm were deduced as thickness and refractive index by swanepol method. Finally, film thickness was 
comfirmed by means of FE-SEM.  
 
3. Results 
3.1. Spectroscopic ellipsometry analysis 
Spectroscopic ellipsometry (SE) measures changes in light polarization as it interacts with the sample structure. 
The measurement is typically expressed as two values: psi (< ) and delta (' ) that occurs when the measurement 
beam interacts with a sample surface. The incident light beam contains electric fields both parallel (p) and 
perpendicular (s) to the plane of incidence.  
In general, the film thickness and optical constants can be computed from physical and optical model and 
compared to experimental data. A physical model is constructed in order to stacking structure as well as an 
appropriate optical model of dispersion functions for each layer. In this study, we built a three layer model to 
simulate the ZrO2 films (Fig.1). For simplicity, the Cauchy dispersion [4], which was an optical model of choice for 
insulators and dielectric films, was used to describe the reference index of the film layer. The SE results found that 
the film thicknesses were   353, 447 and 1038 nm andefractive indices were 2.21, 2.21, 2.22 for deposition time of 
15, 30 and 60 min., respectively.   
 
 
(a)                                                                                      (b) 
Fig. 1. (a) Schematic representation of the proposed triple layer physical model for the SE-modeling procedure and 
(b) Experimental (dots) and generated (solid lines) SE data, psi and delta degree, for deposited at 15 min. 
 
3.2 Spectrophotometric analysis 
The influence of the optical transparency of ZrO2 films on the thickness was investigated. Fig. 2. showed the 
optical transmission curve of the as-deposited film with various deposition time. Notice that as the deposition time 
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was increased, interference fringes were also increased. The transmittance percentage of all the films are around 
80% in the region above the band gap.  
 
 
 
Fig. 2. A typical measured spectral transmission curve of ZrO2 films deposited at 15, 30 and 60 min. 
 
From the graph, each curve illustrated envelops of Tmax and Tmin for the maxima and minima of transmission. 
With a calculation based on Swanepol teachnique [6], the refractive index and film thickness could also be 
detemined. First, the refractive index were calculated from the equation (1)  
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and ns is the refractive index of the substrate. Next, the film thickness was calculated from the obtained results based 
on the equation (2) 
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where d is the film thickness, O1 and O2 are the wavelengths at which two successive maxima or minima occur, and 
n1 and n2 are the refractive indices at correspond wavelength.  
Calculated values of refractive index (n) of films deposited at 15, 30 and 60 min were  2.21, 2.16 and 2.10 (at 
wavelength of 500 nm), respectively. The refractive index was found to decrease with increasing deposition time. 
Herein, refractive index at a certain wavelength (350-1900 nm)  could be obtained from 2.21-2.10. The 
calculated thickness of films deposited at 15, 30 and 60 min were 322, 439 and 1088 nm, respectively. 
 
3.3. Result comparisons and discussion 
First, the film thickness obtained from both SE and SM were compared. In addition, the FE-SEM results were 
shown in Fig.3. to confirm the actual film thickness. Table 1 represents the deposited at 15, 30 and 60 min, in 
addition to the results obtained from FE-SEM techniques. 
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Fig. 3.  Cross section  FE-SEM image of films at various deposition time; a. 15 min, b. 30 min and c. 60 min. 
 
Notice that at shorter deposition time (15 and 30 min), the actual film thickness was close to the results from the 
SE technique. On the other time, at 60 min of deposition time, the actual film thickness was nearly identical to the 
result from SM. It is most likly that the SE technique was more advantageous in the small film thickness. However, 
the Swanapoel technique took advantageous from a number of interference fringes to give better results for large 
film thickness. 
Next, the refractive index obtained from both technique were also compressed in Fig.4. The figure also illustrates 
the results as a reference [1]. The refractive index depends on the wavelength. It can be seen that the refractive index 
increase when increasing the deposition time. The refractive indices at 500 nm were increases from 2.21 at 
deposition time for 15 min to around 2.22 at 60 min. Similar the refractive index of ZrO2 under pulsed DC substrate 
bias and related to the occurrence of higher packing density with bombardment energy. The highest value of 
refractive index for the ZrO2 films here was found to 2.22 which close to their bulk value of 2.22 and greater than 
that seen for ion beam assisted deposition evaporation and previous studies [7, 8]. The thickness of films from fitting 
model at deposited time 15, 30 and 60 min were 353, 447 and 1038 nm, respectively. The result from the Swanepol 
technique showed that the refractive index was decreased with the deposition time, which was in the opposite trend 
from the SE technique.  
 
Table 1. Comparable thickness of films at deposition time 15, 30 and 60 min. by SE, SM and FE-SEM. 
 
 
Fig. 4. Shown the variation of the refractive index of ZrO2 deposited onto silicon substrate under DC magnetron 
sputtering by SE analysis. 
 
Thickness (nm) Refractive index  (at 500 nm)Deposition Time (min.) SE SM FE-SEM SE SM 
15 353 322 369 2.21 2.21 
30 447 439 457 2.21 2.16 
60 1038 1088 1098 2.22 2.10 
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4. Conclusion 
In summary, ZrO2 films have been prepared by dc magnetron sputtering technique on glass and silicon 
substrates. The optical properties of different deposition time have been obtained using SE and SM and confirm by 
FE-SEM. The results of a study on the optical properties were presented. The SE analysis is closely result when 
compare with FE-SEM. Therefore, SE is excellent agreement method for deduce the optical properties of this films. 
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